The thermal analysis of precise thermophysical data for pure fluids from electronic databases is developed to investigate the molecular interaction mechanisms and parameters and the structural features of heterogeneities in fluids. The method is based on the series expansion of thermophysical values by powers of the monomer fraction density. Unlike the virial expansion by powers of the total density, the series expansion terms in this method directly reflect properties of the corresponding cluster fractions. The internal energy had been selected among thermophysical properties as the most informative for this method. The thermal analysis of its series expansion coefficients permits to estimate the temperature dependence of the pair bond parameters, the clusters' bond energies and equilibrium constants, the structural transitions between dominating isomers of clusters. The application of method to different pure fluids, including noble and molecular gases with van der Waals and polar molecular interactions, brings unknown clusters' characteristics for the fluids under investigation. The thermal analysis of the ordinary and heavy Water vapors points on no trivial isotopic effects. The unpredictable growth of the pair bond energy with temperature in Alkanes points on existence in hydrocarbons of some unknown molecular interaction forces in addition to dispersion forces.
Introduction
In the thermal physics of fluids there are clearly seen two different aspects:  The statistical behavior of many particle systems with a supposed universal attraction-repulsion mechanism leading to universal laws, such as the famous van der Waals equation of state or the corresponding states law;  The particular features of interactions between molecules with their unique quantum structure leading to a diversity of specific for every fluid thermophysical properties and equations of state. The steady growth of the experimental data precision and growing requirements to the fine tuning of technological processes makes now the first aspect rather exhausted and explains an enlarged attention to the individual features of fluids, reflected in modern publications [1] .
The investigation of equilibrium molecular interactions [2, 3] in real gases, liquids and supercritical fluids presents a very complex problem. The energies of molecular interactions are of the same order of magnitude as the energies of thermal movements, therefore, the spectrum of bound states is not discrete, but rather continuous [4] . For this reason the methods of spectroscopy, being very informative at the chemical bonding investigations, become not so effective as far as the molecular interactions in fluids are concerned. So, there is a need in alternative methods to study molecular interactions in fluids.
The investigation of molecular interactions in local equilibrium heterogeneities of fluids is very important for better understanding of the fluids' structures and for further improvement of the technological processes. The heterogeneity of the fluids' structure [5, 6] is very essential and should be taken into consideration for the molecular interactions study because the fluids possess temporarily existing local molecular agglomerations of different structures and sizes:  In real gases, in addition to the dominating fraction of monomers [7] , there are fractions of dimers, trimers, tetramers and larger clusters [8] [9] [10] [11] [12] . The molecular clusters are presented in different isomer configurations [13] , the number of which grows with the number of particles in the cluster. The clusters in gases are the centers of nucleation [14] [15] [16] developing at a super saturation into liquid drops or solid particles [17] , like in a fog.  In liquids there is a continuous net of molecules with short intermolecular distances, interrupted by point vacancies [18] and pores of larger dimensions depending on density. The local number of the intermolecular bonds in the net may differ for different molecules.  The supercritical fluids possess at subcritical densities a fog-like and at supercritical densities a foam-like structure with a superposition of clusters in pores and pores in clusters [19, 20] . The local structures in fluids change with time, temperature and density; the change of an average density does not lead to a uniform change of intermolecular distances. The fluids' models based on assumptions of the uniform stretching are not productive for the molecular interactions study. For example, widely used in practice virial expansion of thermophysical values by powers of the fluid density [13, 21] silently supposes the uniform distribution of the density in a volume. But the given in thermophysical tables density averages the local densities inherent to heterogeneities and is not a universal variable for all local objects in a fluid. For this reason this type of series expansion cannot lead to a correct picture of the fluid structure. A more adequate variable is needed as basic for the method aimed at the fluids' structural features and molecular interaction mechanisms and parameters.
The goal of this paper is to describe the new method of thermal analysis of the molecular interactions in pure fluids based on the series expansions of precise equilibrium thermophysical data by powers of the monomer fraction density [4, 7, 22] . This phenomenological approach is capable to open significant details of the microscopic structural features of fluids.
The Thermal Analysis of Precise Thermophysical Data for Equilibrium Pure Fluids
The bulk of the thermal analysis methods develop their own experimental tools and procedures. But the thermal analysis of thermophysical data, to be discussed here, utilizes already existing experimental data. To provide valuable results we should select as precise data as possible from the state of art level sources. The greatest precision of thermophysical data is now achieved by the generalization of experimental results of different research groups from all over the World [23] and by their computer processing with an account of thermodynamically driven correlations between different thermophysical values [24] . These data accumulate collective efforts of researchers during a long period of experimental and analytical investigations.
In modern science and technology a large attention is paid to pure fluids, which thermophysical properties can be determined very precisely. The purity of fluids insures the reproducibility of technological processes and leads to a high precision of thermophysical data. For this reason our method utilizes precise electronic databases for thermophysical properties of pure fluids. The method can be extended also to mixtures provided the precision of composition and thermophysical data for mixtures stays at the same level as for pure fluids.
The Source of Experimental Data for New Method of Thermal Analysis
Now, due to the joint computer processing of raw experimental data from different sources, it is possible to improve the resulting precision of the generalized data. This process is named as the critical evaluation of experimental data [24, 25] . The web site of the Thermodynamics Research Center (TRC) of the US National Institute of Standards and Technology (NIST) presents this sort of scientific activity as [25] : "Critical evaluation is a process of analyzing all available experimental data for a given property to arrive at recommended values together with estimates of uncertainty, providing a highly useful form of thermodynamic data for our customers. The analysis is based on intercomparisons, interpolation, extrapolation, and correlation of the original experimental data collected at TRC. Data are evaluated for thermodynamic consistency using fundamental thermodynamic principles, including consistency checks between data and correlations for related properties. While automated as much as possible, this process is overseen by experts with a great deal of experience in the field of thermodynamic data."
The thermodynamically driven correlations between different thermophysical values are very important. For example, the individual measurements of equilibrium compressibility, heat capacities, sound speed, Joule-Thomson coefficient and some other thermophysical values in a wide range of pressures and temperatures can be generalized in a mutually correlated system of thermophysical properties and presented in a form of an electronic database, such as the NIST databases for thermophysical properties of pure fluids [26, 27] . All initial data for this work had been taken from the NIST Database: "Thermophysical Properties of Fluid Systems" [26] .
The extraction of the molecular interaction parameters from thermophysical data is the inverse mathematical problem that suffers from enlarged final errors even at rather small initial errors. So, the regularization of experimental data leading to generalized data with minimized errors is obligatory for this type of analysis.
The Basic Variable for the Thermophysical Data Thermal Analysis
For thermal analysis of thermophysical data the monomer fraction density (MFD), D m , had been suggested [4, 7] as the basic variable. In a microscopic sense D m means the density of not bound particles that are temporarily free from interactions with other particles. This definition of the MFD can be applied only to small density real gases or to local zones with temporarily reduced density in denser fluids. Instead of the misleading microscopic definition we use the phenomenological definition of the D m [7] as the reflection of the translational part G tr of the molar fluid's Gibbs energy, G:
The tr is determined [7] as the difference between the total Gibbs energy and the Gibbs energy for internal molecular movements int int . In this phenomenological approach the G int is supposed to be independent on the fluid density and all density dependent part of G is ascribed to G tr . In an equilibrium fluid the Gibbs energy G for a mole of basic particles, named as the Chemical potential, does not depend on the nature of heterogeneities. It is the same for all basic particles, as for free moving (monomers) and for included in clusters and other agglomerations. It allows us to use Equation (1) for all basic particles in the fluid. The defined so new variable MFD inherits the uniformity of the Gibbs energy and coincides with heterogeneous microscopic density of no bound particles only in the local small density zones of fluids.
The included in Equation (1) universal gas constant R is specific for a database and a substance to be analyzed. The electronic databases, like [26] , reflect historic character of the thermophysical research. They are based on experimental data received in different times, when the R value could differ from its contemporary nominal value. It makes the R values in the electronic databases different for different substances. So, before processing the table of data for some substance it is needed to estimate the specific R value as the limit of P/TD ratio at zero P.
Equation (1) contains also the quantum volume V q [28] of basic particles, proportional to the third power of the thermal de Broglie wavelength:
It is not needed to find separately the G int and G tr values. For us it is essential that all pressure dependent part of G is included in the G tr . So, we can apply the well known equation G P V    to G tr given by Equation (1) just to come to the equation for D m :
The numerical integration of Equation (2) at a constant T is a delicate procedure with small initial 1 and step
values. The initial value for m may be found from initial values for pressure P 1 and density [7] . At small pressures the D m (P) stays very close to the total molar density D (P), Figure  1 . But at larger pressures there is a large divergence of these values, due to a large contribution of clusters in the total density.
The clusters in an equilibrium fluid are in some way similar to chemical compounds in an equilibrium reaction medium. According to the chemical equilibrium principles the partial molar density D n of the n-particle cluster fraction should be proportional to the n-th power of the monomer fraction density: n n m , with C 1 = 1 and   Here C n is an apparent equilibrium constant, reflecting the PDT relations, but for clusters the nature of the C n is more complex than for chemical compounds [4, 7] : at high temperatures the C n may become negative. Just to distinguish the constants C n from equilibrium constants we will name the C n as the PDT constants. The name "constant" for C n means that they are constant only in isothermal conditions for all pressures, but their change with temperature is great.
As we said, the local density of no bound particles may be equal to D m only for zones of fluid that are temporarily free from interactions between particles. It means that the molar number of not bound particles is not equal to the product of D m by the molar volume V. We should subtract from the molar volume the volume of fluid with active molecular interactions, V int , belonging to clusters. Then, the molar number of monomers becomes equal to
. And the contribution of the monomer fraction in the total density becomes equal to the product
, may lead to negative terms in series expansions of D or P by D m . These negative terms have been ascribed by the author to virtual clusters [4, 7] that The total density D and pressure P are the sums of partial contributions [4, 7] :
The divergence of D and D m at large pressures, seen at Figure 1 , is due to contributions of clusters and explains why the virial expansion by D differs from the series expansion by D m .
The Series Expansion of the Potential Energy
The isothermal series expansion terms of some thermophysical value by powers of D m reflect contributions of corresponding cluster fractions in this thermophysical value. For our thermal analysis method the most informative thermophysical property is the potential energy U, defined phenomenologically as the difference between molar internal energy E at a given pressure P and its value at zero pressure:
. The defined so potential energy is negative and includes in its pressure dependence the microscopic changes of both potential and kinetic energy [4] .
Instead of the molar potential energy U we expand by D m the positive potential energy density W, equal to -UD. The series expansion of W may be better understood in comparison with the expansion for specific density n m , where M is the molecular mass of basic particles and nM is the cluster's mass. For W we use instead of nM the bond energy E n of the n-particle cluster and instead of the C n , reflecting the PDT relations, the equilibrium constant C un for potential energy. Unlike the PDT constant C n , it does not contain the virtual part, because the monomers do not contribute to the potential energy.

The equilibrium constant C un has the same sense as the spectroscopic equilibrium constant C sn . At the domination of only one isomer in the n-particle cluster fraction un sn . In general, it differs from the spectroscopic equilibrium constant due to different mechanics of the cluster isomers' contribution in energetic and spectroscopic characteristics.
The Parameters of Molecular Interactions in Pure Fluids
 The pair bond energy, E 2 . It may be found from the temperature dependence for the second coefficient K u2 of the W series expansion by D m . It is the average molar energy of the dimer fraction decomposition to free moving particles. The energy of the dimer bound state is the minimal energy of the pair interaction potential plus the kinetic energy of the dimer's internal molecular movements. This energy may depend not only on the distance between particles, but also on the mutual orientation of particles. This effect is very important for polar gases, but also may influence the pair bonding in the van der Waals gases, even in atomic gases, due to the lack of rotational symmetry of their electronic outer shells.  The bond energy, E n , for n-particle cluster fraction.
It may be found from the temperature dependence for the n-th coefficient K un of the W series expansion by D m . It is the average molar energy of the n-particle cluster fraction decomposition to free moving particles. In the temperature range, where only one isomer dominates, the E n value may be close to a constant. But in the temperature range, where two or more isomers may coexist, the E n depends on temperature.  The equilibrium constant C un for the n-particle cluster fraction. It may be found by division of the n-order series expansion coefficient K un for W by the bond energy RE n . The spectroscopic method can feel the difference in spectrums of different isomers, therefore, the equilibrium constant C sn may be split on partial isomers' equilibrium constants, but the C un is a thermodynamic average for all isomers of the n-particle cluster fraction.  The pair attraction zone volume, V 2 . It may be found by division of the equilibrium constant C u2 by the Boltzmann factor exp (E 2 /RT).  The cluster attraction zone volume, V n . Its dimension is equal to 3 (n − 1) and it may be found by division of the equilibrium constant C un by the Boltzmann factor exp (E n /RT).  The pair interaction excluded volume, V ex . It may be found from values for the pair attraction zone volume V 2 and the PDT constant C 2 :
The Method of the Cluster Bond Energies E n Estimation
To estimate the cluster fractions' bond energies we use the temperature dependencies of series expansion coefficients K un (T) for the potential energy density W. The ln (K un ) plot versus reverse temperature 1000 T   for some temperature ranges may have almost linear parts corresponding to the dominating cluster isomers in the n-particle cluster fraction. Figure 2 shows the dependence of the ln (K u4 ) for 4-particle cluster fraction in the Methanol vapor from the reverse temperature, 1000/T. It is seen that there are two almost linear parts of the graph with different tangents of slope in the temperature ranges: from 180 to 420 K and from 450 to 620 K. On differentiating the ln (K un ) by 1000 T
    E T
we find the clusters' bond energies E n , expressed in kK. The average bond energy in the Methanol vapor tetramers for the low temperature zone, T < 420 K, may be estimated as E 4l = 11600 K, and for the high temperature zone, T > 450 K, E 4h = 6000 K. The bond energy here is expressed in K to provide its comparison with the system temperature T, Table 1 . Table 1 shows also the attraction zone volumes for dominating isomers that differ more than million times. It means that the freedom of movement of every particle, attached to the central particle, in the dense 3D configuration is limited by two orders of magnitude as compared to their movements in the loose linear configuration.
It is seen that the bond energies for both temperature zones are much larger than the maximal temperatures in the zones. It gives a hope that the bond parameters in clusters of polar gases may be found also by some spectroscopy method.
The Method to Study the Structural Transition in Gaseous Clusters
The temperature dependence n shows changes of the molecular cluster isomer structure with temperature. Figure 3 shows estimations for bond energies in dimers, trimers and tetramers for Methanol vapor in the temperature range 250 -500 K, where the results are stable enough. and E 3 for trimers in the Methanol vapor fall noticeably in the temperature range 250 -400 K. This fall may be explained by loosening of the hydrogen bonds due to the growth of the mutual molecular vibrations amplitude in the clusters with temperature. The apparent growth of the pair bond energy at T > 400 K needs a special investigation. The dominating isomer configuration for trimers in the range of temperature, where E 3 /E 2 ratio does not exceed 2, is an open chain structure with two pair bonds. Only lower T = 300 K E 3 /E 2 ratio exceeds 2 that may be interpreted as the growing influence of trimers with a closed triangular tightly bound structure.
But the most interesting is the E 4 (T) dependence. It clearly shows the structural transition in the tetramer fraction from tightly bonded isomers at T < 380 K to loosely bound isomers at T > 440 K. In the high temperature range the E 4 /E 2 ratio is around 3 -4 that tells about the loosely bound linear or ring isomer configuration. But in the low temperature range the E 4 /E 2 ratio is near 6. It tells about the compact 3D isomer structure with 6 hydrogen bonds.
This structural transition is not abrupt, but takes a rather wide range of temperatures, 380 -440 K, in which both isomer modifications coexist. This type of structural transitions can be named as the soft structural transition [4] . The individual reaction of clusters on changing temperature makes the transition zone between different dominating isomers extended. The larger is the difference between the isomers' bond energies, the narrower is the transition zone. When the number of particles grows, the transition zone becomes narrower. At macroscopic sizes of clusters the transition zone vanishes and the soft structural transition converts to the first order phase transition with the strictly determined transition point. The dew point is an example of the precisely determined phase transition point for macroscopic drops of liquid. 
Thermal Analysis of the Pair Interaction Parameters for Argon
Argon is the most investigated real gas. But different publications give different estimations of the pair interaction bond energy. These estimations are mainly about the depth of the atomic interaction potential well. Many publications discuss the second virial coefficient B (T) temperature dependence, but there is no information about the dimer fraction equilibrium constant and its parameters: the molar volume of the attraction zone and the excluded volume. In our method the pair bond energy for atomic gases is the molar energy of the dimer fraction dissociation to free moving atoms. This energy can be found from the tangent of slope for the ln (K u2 ) versus 1000/T graph, Figure 4 . The found so E 2 = 91.4 K in the temperature range 100 -250 K. The root mean square deviation from the average value for E 2 is near 1.5 K.
The range 100 -250 K is representative enough and includes the critical temperature. In this range the results for E 2 are the most stable, but out of this range there are noticeable deviations of found by this method values from the average value for E 2 . Near the triple point there is a slight growth of the pair bond energy that may be caused by the lack of rotational symmetry for the outer electronic shell and over T = 250 K the influence of the repulsion forces on the potential energy of the Argon real gas becomes noticeable.
Having found the pair bond energy E 2 we find the equilibrium constant C u2 , Figure 5 , simply dividing the K u2 values by RE 2 [4] . The second coefficients of the series expansions for P (D m ) and D (D m ) in accordance with the system of Equations (3) and (4) [4, 7] give the PDT constant C 2 (T), shown also at Figure 5 . It is clearly seen that between equilibrium constant C u2 and PDT constant C 2 there is a large difference, caused by virtual dimers [4, 7, 12] . Dividing C u2 by
we find the pair attracttion zone volume V 2 that for Argon in the temperature range 100 -250 K is equal to 147.4 ml/mol. Deviations from this average value in the temperature range under investigation are very small and do not surpass 0.5 ml/mol.
Then Equation (5) provides the excluded volume V ex = 37.4 ml/mol. Deviations from the average value for V ex are by the order of magnitude lower than the deviations of the V 2 values and do not surpass 0.05 ml/mol. It tells that the model of atomic interactions in Argon with constant values for E 2 , V 2 and V ex has a good precision in the 100 -250 K temperature range.
Both volumes are seen at Figure 5 . So, we came to the full picture of pair interactions in Argon for the temperature range 100 -250 K.
It is useful to write the full system of equations and parameters, Table 2 , for molecular interactions in Argon in the temperature range 100 -250 K:
Similar systems of equations and pair interaction parameters have been found for many investigated pure real gases with the van der Waals interactions and their zones of stability for the pair bond energy have proven to be wide enough. But in polar gases, like in the Water vapor, this zone of stability is narrow due to high temperature dependence of the hydrogen bond energy at low temperatures, how it will be seen from the next section. 
Thermal Analysis of Isotopic Effects in Water Vapors
It is very interesting to see how the molecular interaction parameters feel the difference in masses of atoms for the same chemical structure of molecules. Investigation of the ordinary and heavy Water vapors discovers the high sensitivity of the clusters' characteristics to the mass of hydrogen atoms, Figure 6 . Similarly with the Methanol vapor, the change of tangent of slope for the ordinary Water vapor graph in the temperature range 340 -380 K points on the change of the dominating isomer from the loosely bound tetramer at high temperatures to the tightly bound type at lower temperatures. But for the heavy Water vapor the dominating type of isomers in the tetramer fraction stays unchanged in all temperature range under investigation. It looks like the tightly bound clusters in the heavy Water vapor cannot exist even near the triple point. It would be interesting to investigate the equilibrium D 2 O vapor at temperatures lower the triple point. The clearly seen coincidence of the bond energies for loosely bound tetramers in both cases tells that in the linear configuration the bond energy is not sensitive to the masses of Hydrogen atoms. But larger mass of Hydrogen isotop, Deuterium, for some unknown reason prevents tetramers in D 2 O vapor from bonding into more dense 3D configuration.
For dimers we see an opposite picture: at T < 380 K the pair bond energies in the ordinary and heavy Water are almost equal, but at higher temperatures the pair bond energy in D 2 O is near 10% higher than in H 2 O, is a challenging problem for researchers. The same character of the pair bond energy behavior has been noticed in Methanol, Figure 3 , and Alkanes.
Thermal Analysis of Pair Molecular Interactions in Alkanes
In Hydrocarbons the growth with temperature of the pair interaction bond energy, found by this method, is seen in all investigated real gases, including the Alkanes. Figure  8 shows the typical for Alkanes growth of the pair bond energy with temperature in Propane. This growth of the pair bond energy is very significant and stimulates thinking about some new type of molecular interaction forces in no polar gases in addition to well known dispersion forces. These new forces may be thermally activated attractions between no polar Hydrogen containing molecules.
Summary and Conclusions
The utilization of the monomer fraction density as an argument for series expansions of the thermophysical values instead of the total density has been put into the basis of the new thermal analysis method aimed at the extraction from the precise electronic databases the molecular interaction parameters:  The thermal analysis of the internal energy of real gases permits to find the clusters' bond energies and equilibrium constants for the cluster fractions;  The thermal analysis of the clusters' bond energies permits to discover the soft structural transitions between dominating isomers of clusters, the width of the transition zone falling with the growth of the isomers' bond energy difference;  The thermal analysis of the pair bond energies in many gases discovers the growth of the bond energy at lowering the temperature that may be connected with the limited rotation of interacting atoms or molecules;  In no polar molecules, containing Hydrogen, as in Alkanes, the new thermal analysis method discovers the pair bond energy growth with temperature that points to a possible presence of the thermally activated intermolecular forces;  Large values of bond energies for polar molecular clusters open possibilities for alternative methods of their investigation, including the spectroscopic methods.
The complex utilization of the new thermal analysis method and spectroscopy methods may be very productive.
